Background: Evidence is lacking to recommend one diet over another when treating polycystic ovary syndrome (PCOS).
Introduction
Polycystic ovary syndrome (PCOS) is characterized by hyperandrogenism and subsequent metabolic consequences including ovulatory and menstrual dysfunction, hirsutism and acne (1) . The syndrome often presents in susceptible girls during the peri-menarcheal period (2) . In addition to insulin resistance and compensatory hyperinsulinemia that appear to play a role in the pathophysiology of elevated androgens (3, 4) , adolescents with PCOS also may have glucose intolerance (5) , metabolic syndrome (6) and dyslipidemia (3), increasing risk for type 2 diabetes and cardiovascular disease later in life (7) .
Obesity is prevalent among girls with PCOS and further exacerbates metabolic presentation of the syndrome, possibly mediated by insulin resistance (6, 8, 9) . Moreover, obesity compromises health-related quality of life (HRQL) among adolescents with PCOS relative to their healthy counterparts (10) .
Treatment guidelines specify lifestyle modification, including weight-loss diets, as the first line of therapy for PCOS among overweight and obese girls (11, 12) . However, data are limited regarding effects of diets varying in composition on metabolic, reproductive and psychological features of PCOS, particularly among adolescents. The overall aim of this pilot study was to obtain preliminary PEDIATRICOBESITY ORIGINALRESEARCH doi:10.1111/ijpo.12047 data, comparing impact of a low-glycaemic load (LGL) vs. low-fat (LF) diet on biochemical hyperandrogenism and cardiometabolic risk factors. We hypothesized that a LGL diet, designed to attenuate postprandial glycaemia and insulinemia, would be more efficacious than a LF diet for treating overweight and obese adolescent girls with PCOS. This pilot study also provided an opportunity to ascertain feasibility of recruiting study participants in partnership with an adolescent clinic, implementing dietary interventions and assessing outcomes.
Methods

Study design and setting
Participants were randomly assigned to receive either a LGL or LF dietary prescription. Outcomes were assessed at baseline, prior to random assignment and at the end of a 6-month intervention period. The primary outcome was bioavailable testosterone. Eligible participants diagnosed with PCOS were recruited primarily through the Adolescent and Young Adult Medicine Clinic at Boston Children's Hospital (BCH), and also through primary care practices and newspaper advertisements. A partnership between the clinic and research team was developed to identify potentially eligible participants using a flagging protocol of key eligibility criteria in an electronic medical record (EMR). When appropriate, providers presented the trial as a firstline non-pharmacologic treatment option. Interested participants underwent a multi-step screening and enrolment process to confirm eligibility. The institutional review board at BCH approved the protocol. Participants provided written informed consent or assent. For participants less than 18 years of age, a parent also provided written informed consent. Participants who completed the study received $100 as compensation for their time and effort. The study was conducted between July 2010 and November 2013.
Participants
Each participant had a diagnosis of PCOS from her treating physician with confirmed biochemical hyperandrogenism (elevated serum free testosterone within the last 6 months) and ovarian dysfunction (oligo-anovulation and/or polycystic ovaries on ultrasound), consistent with criteria established by the Androgen Excess Society (13) . Other inclusion criteria were age between 13 and 21 years, body mass index (BMI) ≥ 85th percentile (14) , and medical clearance from a treating physician. Exclusion criteria were type 2 diabetes (fasting plasma glucose ≥126 mg dL ), diagnosis of an eating disorder or any other major medical illness, abnormal screening laboratory measures indicating other causes of hyperandrogenism or obesity; and smoking (>1 cigarette per week). Use of medications (hormonal contraceptives [HCs] within the past 3 months, insulin-sensitizing agents within the past month) also was exclusionary.
Interventions
We randomly assigned participants to the LGL or LF diet group. Both interventions comprised 12 sessions with a registered dietitian (six monthly in-person visits for nutrition education, six monthly telephone counselling calls) and three cooking workshops with an executive chef (Supporting Information Table S1 ). Participants were accompanied by a parent (if <18 years of age) at the in-person visits and cooking workshops. At each in-person visit, take-home snack items consistent with random group assignments were provided to participants. At each cooking workshop, key ingredients were provided to participants to encourage repeat preparation of dishes at home. The telephone calls were conducted with the participants (no parental involvement) using a patient-centred counselling model (15) to encourage adherence to the diets.
LGL diet
Target macronutrient composition for the LGL diet was 45% of energy from carbohydrate, 35% from fat and 20% from protein. The dietitian counselled participants to consume low-glycaemic index sources of carbohydrate (including non-starchy vegetables, legumes and fruits) and to limit intake of moderate or high glycaemic index sources (including refined grains, starchy vegetables and sweets). Attention also was directed towards consuming sources of healthful fat (including nuts, seeds and oils). Take-home snack items included SoLoGI® (New Era Nutrition, Inc., Kelowna, British Columbia, Canada) energy bars and mixed nuts. Each participant was given a Corelle® (World Kitchen, LLC., Rosemont, IL, USA) plate with divisions to convey reasonable portion sizes, facilitate meal assembly and thereby translate knowledge to behaviour. The LGL plate was delineated as one-half non-starchy vegetables with oils, nuts or other healthful sources of fat; one-quarter moderate glycaemic load foods and/or legumes; and onequarter lean protein.
LF diet
Target macronutrient composition for the LF diet was 55% energy from carbohydrate, 25% from fat and 20% from protein. The dietitian counselled participants to consume LF sources of whole grains, vegetables and fruits and to limit intake of added fats, sweets and high-fat snacks. Takehome snack items included Odwalla® (Odwalla Inc., Dinuba, CA, USA) bars and whole wheat pretzels. Each participant was given a Corelle® plate with divisions to convey reasonable portion sizes, facilitate meal assembly, and thereby translate knowledge to behaviour. The LF plate was delineated as one-half LF vegetables and fruits, onequarter LF grains (with an emphasis on whole grains) and one-quarter lean protein.
Treatment fidelity
Procedures to promote treatment fidelity included scripts for presentation of topics during in-person visits, with well-defined nutrition messages for each diet; guides for
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telephone calls that provided both structure and flexibility, with prompts for adhering to a patient-centred counselling model (15) ; protocols for documenting each participantdietitian interaction; and regular study team meetings to discuss strategies for promoting adherence without compromising differentiation between diets. We digitally recorded all telephone counselling calls, and two members of the research team reviewed a 10% random sample of the calls to ensure quality control.
Process evaluation
Implementation of the dietary interventions was evaluated based on attendance at in-person visits and cooking workshops and completion of telephone counselling calls. We also evaluated participant adherence and satisfaction by interviews and questionnaire, respectively.
Three unannounced telephone interviews (two weekdays, one weekend day) were conducted at baseline and again at 6 months to assess dietary intake and physical activity during the 24 h preceding each call. The interviewer was masked to group assignment. Dietary intake was collected by a multiple-pass method using the Nutrition Data System for Research Software versions 2010-2012, and final calculations were completed with version 2013 (Nutrition Coordinating Center, University of Minnesota, Minneapolis). Participants also completed a satisfaction questionnaire at the end of the study, responding to questions using 10-cm visual analogue scales with appropriate verbal anchors.
Outcomes
Study outcomes were assessed after a 12-h overnight fast at baseline and the end of the 6-month intervention. Outcome assessors were masked to random assignment. Study data were managed using REDCap (Research Electronic Data Capture) hosted at BCH (16) .
Biochemical analyses were carried out in Clinical Laboratory Improvement Amendments-certified laboratories. The primary outcome was serum bioavailable testosterone (free and weakly bound). Other biochemical outcomes included blood levels of total testosterone, free testosterone, sex hormone binding globulin (SHBG), dehydroepiandrosterone sulfate (DHEAS), total cholesterol, low-density lipoprotein cholesterol (direct determination by enzymatic spectrophotometric assay), high-density lipoprotein (HDL) cholesterol, triglycerides, high sensitivity C-reactive protein and haemoglobin (Hb) A1c. If serum progesterone was ≥4.0 mg mL −1 (indicating recent ovulation), measures of bioavailable testosterone, total testosterone, free testosterone, SHBG, DHEAS, lipids and progesterone were repeated 1 week after the initial blood draw at baseline or 6 months.
A frequently sampled oral glucose tolerance test (FS-OGTT), using a 75-g dose of dextrose, was conducted with blood sampling at −10, −5, 0, 10, 20, 30, 60, 90 and 120 min relative to the dose. We used data obtained at −10, −5 and 0 min to calculate mean fasting plasma glucose and serum insulin. Incremental area under respective 2-h glucose and insulin curves, in excess of mean fasting levels, were calculated by the trapezoidal rule.
Body weight and height were measured using a calibrated electronic scale and wall-mounted stadiometer, respectively, to calculate BMI and determine BMI percentile (14) . Blood pressure was measured by auscultation, with the participant sitting quietly. Body composition was assessed by dual-energy X-ray absorptiometry (DXA, Discovery A, Hologic, Inc., Bedford, MA, USA).
Self-reported HRQL was assessed using the Child Health Questionnaire (CHQ-CF87, HealthActCHQ, Boston, MA, USA).
Statistical analyses
According to a priori power calculations, a sample size of 40 participants would provide 80% power to detect a group differential approximating 20% when testing our primary hypothesis, and we proposed to recruit 50 participants to account for attrition. In light of recruitment challenges, we pooled available data from both dietary intervention groups to construct conditional power curves in July 2013. From these curves, we concluded that enrolment of additional participants would not substantially enhance power to detect a group effect for change in bioavailable testosterone. Thus, we stopped recruitment in July 2013, and this report is based on data from 16 of 19 (7/9 LGL, 9/10 LF) randomly assigned participants who completed the study.
Baseline characteristics were compared between the diet groups using the Fisher exact test for categorical variables and t-test for continuous variables. The primary outcome was the comparison of 6-month changes in bioavailable testosterone in the two diet groups, using Student's independent t-test with two-sided P < 0.05 as critical value. Secondary outcomes were analyzed similarly. Relationships between bioavailable testosterone and other outcomes at baseline and for changes over 6 months were calculated using Pearson correlations. SAS software (SAS Institute Inc., Cary, NC, USA) was used for all computations. Data are presented as mean and standard deviation (SD) or standard error (SE).
Results
Recruitment and retention
More than 33% of 442 girls flagged as having a diagnosis of PCOS, based on information in the EMR, reported use of HCs (with no plans to discontinue) and thus were not screened for the study. As presented in Fig. 1, 1310 adolescent girls were identified as potentially eligible, primarily using the flagging protocol. The main reasons for ineligibility upon initial screening included not meeting study criteria for PCOS (27%), BMI less than the 85th percentile (23%), and use of exclusionary medications (19%). Among those who were provisionally eligible (213/1310, 16%), 19 girls met all eligibility criteria upon further screening and were randomly assigned to a dietary intervention group. Baseline data are presented in Table 1 . 
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Process measures
Attendance at in-person visits and cooking workshops and completion of telephone counselling calls did not differ between dietary intervention groups. Participants attended a mean (SE) of 5.9 (0.1) of the six in-person sessions and 2.6 (0.2) of the three cooking workshops and completed 4.9 (0.3) of the six telephone counselling calls.
Dietary intake, based on self-report, is presented in Supporting Information Table S2 . Percentage of energy from Unadjusted data (mean ± SD) P value Low-GL (n = 10) Low-fat (n = 9)
Race , multiply by 9.524. *Differences in baseline characteristics by diet group assessed using the Fisher exact test for categorical variables and t-test for continuous variables. P-value tests the hypothesis of zero difference between diet groups. BMI, body mass index; DHEAS, dehydroepiandrosterone sulfate; HbA1c, haemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; SHBG, sex hormone binding globulin.
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ORIGINALRESEARCH carbohydrate (P = 0.046), glycaemic index (P = 0.03), glycaemic load (P = 0.007) and available carbohydrate (per 1000 kcal; P = 0.01) decreased from baseline in the LGL group. The difference between groups for change in glycaemic load from baseline approached significance (P = 0.10). Dietary fat did not change in either group.
Satisfaction with the diet and cooking workshops was ≥8 on a 10-cm scale, and did not differ between groups (Supporting Information Table S3 ).
Study outcomes
Study outcomes are presented in Table 2 . BMI percentile, body fat percentage and trunk fat decreased in both groups (P < 0.05), and the decrease in BMI percentile was greater for the LF compared to LGL group (P = 0.03). Bioavailable testosterone, the primary outcome and SHBG did not change in either group. Total:HDL cholesterol ratio decreased in the LGL (P = 0.02) but not in the LF group, such that the group effect approached significance (P = 0.05). Other risk factors did not change in either group.
Concerning results from the CHQ-CF87 (Supporting Information Table S4 ), scores on the 'global health' subscale improved in the LGL group (P = 0.03), and scores on the 'change in health in the last year' subscale improved in both groups (P < 0.01). Changes from baseline did not differ between groups for any of the subscales.
Correlations
Correlations of bioavailable testosterone with other outcomes are presented in Supporting Information Table S5 . Change in bioavailable testosterone was positively correlated with change in fasting insulin (r = 0.64, P = 0.01). In a sensitivity analysis with removal of an influential outlier, the correlation remained near significant (r = 0.49, P = 0.06).
Discussion
We conducted a 6-month dietary intervention study in overweight and obese adolescents with PCOS. The retention rate of 84% in this study compares favourably to rates reported in other studies of adolescents with PCOS (17) (18) (19) . Participants attended 98% of the in-person visits and 87% of the cooking workshops, received 82% of the telephone counselling calls and reported high satisfaction with the diets and perceived usefulness of the cooking workshops. We carefully monitored treatment fidelity and assessed all study outcomes with minimal missing data. As such, we demonstrated feasibility of implementing intensive dietary interventions and assessing outcomes in adolescents with PCOS. However, with respect to our primary hypothesis, we found no indication that a LGL diet was better than a LF diet for attenuating hyperandrogenism. Bioavailable testosterone did not change for either group, despite significant reductions in body fat. Our findings may be attributed to true null effects of weight-loss diets on bioavailable testosterone in adolescents, insufficient weight loss to achieve hormonal and metabolic benefits, limited statistical power because of challenges with recruiting participants, insufficient adherence of some participants to dietary prescriptions, and/or disparate responses to diet associated with different phenotypes and metabolic profiles among adolescents with PCOS.
Regarding recruitment challenges, we were unable to achieve our proposed sample size of 50 subjects, even with extensive efforts to develop a clinic partnership and implement an EMR flagging protocol. Many patients who were flagged as potentially eligible for the study were not interested in participating. Based on communication with clinic providers, adolescents with PCOS who are referred to a tertiary care centre by their primary care providers typically are seeking pharmacological treatment, such as HCs, and do not want to delay or discontinue such treatment. The attained sample size provided only 15% power to detect a difference of the observed magnitude (-2.2 ng dL −1 in bioavailable testosterone). Variable adherence is a common challenge in dietary intervention studies, particularly among adolescents (19) . Recognizing that adolescents desire increasing autonomy but often are ambivalent about behaviour change, we implemented an intensive intervention comprising nutrition education and behavioural counselling to promote adherence to dietary prescriptions. Moreover, the participants were a self-selected group of patients who expressed an interest in dietary intervention, rather than pharmacological therapy, for managing PCOS and displayed motivation to take part in the study. We achieved some success in promoting adherence given that self-reported dietary intake shifted as intended, and the total:HDL-cholesterol ratio decreased more with the LGI vs. LF diet, as expected based on usual changes in blood lipids observed in previous studies of dietary composition (20, 21) . However, differences in macronutrient intakes between groups were not statistically significant, suggesting that overall adherence may have been inadequate to elicit differential changes in metabolism and study outcomes, despite an intensive intervention.
Adolescents with PCOS represent a heterogeneous population, and criteria for the syndrome have evoked debate (12, 22) . Because of heterogeneity, responses to dietary interventions may vary widely among individuals (23) . Although careful evaluation of effect modification by covariates is beyond the scope of this pilot study, we used data pooled across groups in correlational analyses to evaluate relationships between bioavailable testosterone and other outcome variables. We found that change in fasting serum insulin was related to change in bioavailable testosterone, consistent with results from a study of adults (24) and suggesting that dietary intervention may have beneficial effects for treating hyperandrogenism via effects on insulin levels in some adolescents with PCOS.
Data are limited regarding the effects of dietary interventions, independent of pharmacological therapy, for managing PCOS in adolescents. Hoeger et al. (17) found that free androgen index (FAI) and SHBG improved from 6 | J. M. W. Wong et al. Dietary treatments for PCOS in adolescents | 7 , multiply by 9.524. n = 16 (9 in low-fat group, 7 in low-GL group). *Levels (mean ± SD) by study group at baseline and 6 months. Change (mean ± SE) from baseline assessed using t-test. P-value for each diet group tests the hypothesis of zero mean change from baseline within group. P-value for 'low-fat -low-GL' tests the hypothesis of zero difference between diet groups. **There were no differences between diet groups at baseline (P ≥ 0.05).
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† At baseline, data were available for 15 participants (9 in low-fat group, 6 in low-GL group). ‡ At baseline, data were available for 15 participants (9 in low-fat group, 6 in low-GL group). At 6 months, data were available for 15 participants (8 in low-fat group, 7 in low-GL group). BMI, body mass index; DHEAS, dehydroepiandrosterone sulfate; HbA1c, haemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high sensitivity C-reactive protein; iAUC, incremental area under the 2-h FS-OGTT curve, in excess of the mean fasting level, calculated by the trapezoidal rule; LDL-C, low-density lipoprotein cholesterol; SHBG, sex hormone binding globulin. (24, 26, 27) , others indicate no effect (28,29). Several issues pertaining to study design warrant comment. Strengths include a randomized design with close monitoring of treatment fidelity, a primary outcome (bioavailable testosterone) with direct relevance to the pathophysiology of PCOS, assessment of dietary process measures, and evaluation of feasibility in the context of a pilot study. The primary limitations include small sample size, challenges in promoting adherence (even with intensive intervention), reliance on self-report to assess diet and relatively short intervention duration.
In conclusion, we successfully implemented in-person visits, cooking workshops and telephone counselling calls and assessed outcomes. Despite challenges with recruitment and adherence, we noted that LGL and LF dietary prescriptions were efficacious for promoting weight loss and reductions in body fat but did not attenuate biochemical hyperandrogenism among overweight and obese adolescents with PCOS. Clinical trials with adequate statistical power are needed to fully elucidate effects of diet on metabolic profiles of adolescents with PCOS, including biochemical hyperandrogenism and cardiometabolic risk factors. Success of trials aimed at assessing independent effects of diet on features of PCOS will depend on innovative recruitment strategies and novel approaches for promoting adherence to dietary interventions.
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